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Abstract
The circuits present in String 2 and those needed for
the Sector Test are enumerated with reference to the
electrical circuits of LHC, the associated power
converters, the energy extraction systems their relation
with the interlock and magnet protection system.
The main String 2 experiments planned are listed.
The importance for LHC operations of the tracking
between the dipole and the two quadrupole circuits is
explained. The equipment installed in String 2 to
measure this is presented.
1  STRING 1
String 1 was in operation from 1994 to 1998. Despite
the fact that there was only one electrical circuit, a lot of
experience was accumulated for the LHC powering. One
of the most important lesson was the obligation to think
and to work at the level of the circuits (power converters,
warm bus-bars, extraction system, current leads,
magnets, cold bus-bars, superconducting element
protections, interlocks...).
 
 Figure 1: String 1 powering.
 
2  STRING 2
2.1  General Powering Description
String 2 is one full-cell in the regular part of the LHC
arc. Contrary to String 1, String 2 is equipped with a full
set of corrector magnets and the main quadrupole circuits
are independently powered from the dipoles. This will
allow the validation of the overall powering.
The String 2 powering and protection of
superconducting elements could be summarized as
follows:
- 15 electrical circuits
- MB, MQ-F, MQ-D, spool piece and lattice
corrector circuits independently powered
- auxiliary bus-bar tube
- electrical feed box and HTS current leads
- quench detection and protection
- local by-pass diodes
- energy extraction system for dipole and sextupole
lattice coorector circuits
- 3 fixed coils in dipole (one coil) and in
quadrupoles (two coils)
 2.2  Power Circuits
 The 15 electrical circuits of String 2 together with the
electrical characteristics of each circuit are detailed in an
Engineering Specification [1] and the electrical circuit
diagram of String 2 is given in drawing LHCLSDS_007
in the CERN Drawing Directory. The main
characteristics are summarised in Table 1 below.
 
 Table 1: Characteristics of the String 2 power circuits
Circuit Description Inductance Resistance Time 
constant






(mH) (mOhm) (s) (s) (A) (A)
RB     (1) Dipole 600 0.47 1276 85 (123) 11700 13000 [13kA,±16V]
RQF   (1) Focusing Quad 11.2 0.3 40 NA 12000 13000 [13kA,16V]
RQD  (1) Focusing Quad 11.2 0.3 40 NA 12000 13000 [13kA,16V]
RCS  (2) Sextupole spool piece 4.8 1.5 3.2 NA 550 600 [±600A,±10V]
RCD  (2) Decapole spool piece 1.2 1.6 0.75 NA 550 600 [±600A,±10V]
RS    (2) Sextupole lattice 110 1.7 65 0.157 550 600 [±600A,±10V]
RO    (2) Octupole lattice 3 1.5 2 NA 550 600 [±600A,±10V]
RCB   (2) Orbit corrector (LSS3) 15900 39 410 NA 29.9 30 [±60A,±8V]
RCB   (2) Orbit corrector (LSS4) 6600 30 220 NA 50 60 [±60A,±8V]
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  The dipole circuit is shown in the Figure 2. It includes
an energy extraction system, which is identical to the

















Figure 2: Main dipole circuit
 
 2.3  Power converters
The main dipoles will be powered in series by a
conventional 12-pulse thyristor converter [13kA,±16V],
made up of four 3.25kA sub-converters connected in
parallel. To test the definitive topology for the main LHC
dipole converters, several configurations will be possible:
thyristor converter in series with high-current switch-
mode converter [13kA,16V] or thyristor converter with a
parallel active filter [±600A,±10V].
Two new switch-mode power converters have been
designed and produced to power the main quadrupoles.
These converters are made up using a modular concept,
where several high-current sources [3.25kA,16V] are
placed in parallel (Photo 1). This concept provides
operational redundancy, since 5 sub-converters are
installed for each converter. These sub-converters (50
kW) use soft-switching technology, working at a
frequency of 23 kHz. Each sub-converter is divided in 5
modules; these modules employ water-cooled and plug-in
assembly, thus improving availability and repair time
(fast exchange and off-line repair).
All the corrector magnets are fed by 4-quadrant
switch-mode power converters: [±600A,±10V] (Photo 2)
and [±60A,±8V] (Photo 3). They were designed to
improve the performance (ripple, bandwidth, EMC,
efficiency…) and reduce the volume.
The String 2 power converters are the same as those
proposed for the machine and include the regulation and
control philosophy that will be used in the LHC machine.
All the final LHC power converter specifications will
be based on the experience gained during the design,
production and commissioning of these converters.
Photo 1: [13kA,16V] power converter
Photo 2: [±600A,±10V] power converter
Photo 3: [±60A±8V] power converter
2.4 Detection of a quench and Protection of the
superconducting elements
Prototypes of the quench detectors for LHC with local
protection at the level of each magnet will be tested for
the first time. The protection strategy for the high
temperature superconducting current leads of the
electrical distribution box and the global protection of the
circuits for the spool-pieces and the lattice correctors as
wells the bus-bars will be validated. Quench propagation
experiments are planned in conjunction with the
cryogenics group.
Sixteen heater power supplies will be used for the
magnet protection. Particular care was put in the design
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and the production of these supplies, with respect to
reliability and radiation hardness. The design and the
production of these power supplies are very close to the
final LHC version.
Figure 3 shows a summary of the protection system for
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DQQDG: GLOBAL QUENCH DETECTOR (600 A







DQQDL: LOCAL QUENCH DETECTOR (MB, QF, QD)
Figure 3: Detection of a quench and Protection of the superconducting elements of String 2.
2.5 String 2 interlock System
 The String 2 Interlock system is designed to take the
necessary steps to protect the components (magnets,
power converters, bus-bars, current leads, switches,
water-cooled cables…) in case of quench or malfunction
of one of the components and to take preventive action to
reduce the recovery times following a quench in one of
the circuits or in case of a failure in the supply of helium.
The interlock system is connected to: the power
converters, the dump switch systems, the quench
detection electronics and other peripheral systems
participating in the operation of the String [2]
 The interlock management system is located in the
powering area of the String and is housed in a single
rack (Photo 4). Photo 4: String 2 interlock rack
2.6 String 2 powering experiments
String 2 will provide good conditions to test and to
validate the overall powering configuration. This
configuration is very close to LHC arc powering
(converters, bus-bars, protection…) and should give
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valuable information to freeze the design of the various
components.
A non-exhaustive list of main experiments is:
- validation of major LHC power converter type
design and production (1-quadrant and 4-
quadrant)
- dipole topology tests and final topology choice :
booster converter in series with a 13kA switch-
mode power converter or booster converter with
an active filter
- new control electronics for the power converters
- digital regulation loops with high time constants
[6]
- tracking between the main converters (MB, QF
and QD) (see chapter 4 on the tracking)
- reference waveform generation with on-line
corrections [4]
- data transmission and timing
- high precision DCCTs, current measurement
systems including the calibration methods [5]
- interaction between converters and
superconducting element protection
- interlock strategy (Fast Power Abort, Power
Permit, Slow Power Abort,…) [2]
- EMC (Electro Magnetic Compatibility): EMC is
today more than a recommendation, it’s a legal
requirement (89/366/CEE). With the LHC
compact installation, electromagnetic
compatibility is an obligation. A kicker power
supply and an associated dummy load will be
installed in the String 2 powering area to validate
the EMC immunity. It is a good opportunity to
test equipment, including equipment not required
for the String 2 operation.
- Protection of superconducting elements. A more
detailed description of these experiments is
presented in the reference [3].
 
3 SECTOR TEST
3.1  Circuits for the injection test
 The sector chosen for the LHC Sector Test is the sector 8
to 7.
 Beam 2 will be injected from TI8 across the insertion at
point 8 and into the continuous cryostat of sector 8-7 and
will be dumped in Point 7 just after the long arc cryostat.
 
In order to cross the Long Straight Section (LSS) in
point 8, the following circuits are required:
- The external aperture of Q4 and 5 on the right
side of point 8 and the internal aperture of Q4 and
5 on the left side; 3 circuits at I ultimate of 3.9 kA
and 1 at 4.7 kA.
- The orbit correctors associated with the above
quadrupoles; 4 to 12 circuits of 80 A
- The deflection dipoles D1 and 2 on both sides of
the IP; 4 circuits at I ultimate of 6 kA.
- The inner triplets on both sides of the IP; 2
circuits at I ultimate of 7 kA and 2 circuits at I
ultimate of 4.4 kA.
- The orbit correctors associated with the two inner
triplets; 4 to12 circuits at I ultimate of 600A.
 
For the continuous cryostat from Q6 left of point 8 to
Q7 right of point 7:
- The inner aperture of Q6, 7, 8, 9 and 10 of the
dispersion suppressor left of point 8;   5 circuits at
I ultimate of 5.82 kA.
- The main dipole and QD/F circuits; 3 circuits at
I ultimate of 13 kA
- All orbit correctors of the inner aperture; 9
circuits of 120 A and 47 circuits of 60 A.
- The trim and tuning quadrupoles; 11 circuits of
600 A.
The situation is summarised in Table 2.










13kA 3 3 NA
4 to 8 kA 26 5 12
600 A 61 11 4
60 to 120 A 148 56 4
Total 238 75 20
Many more circuits will be available which will not be
necessary for the simple transfer of the beam.
Depending on the type of beam experimentation other
circuits may be used with beam.
The sector test could provide the first occasion to test
the powering of the inner triplet with the two nested
high-current circuits. The commissioning of such a
system is not trivial (based on String 1 and RHIC
experience) and adequate time and resources must be
allocated
 4  POWER CONVERTER TRACKING
4.1  Tracking definition
The tracking is defined as the:
ability of the converters to follow the reference function.
This definition is valid for static and dynamic
references.
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The static part is covered by the static definition:





Dynamic part comes from :
- timing error
- lagging error in the regulation
Tracking error
between I1 and I2
Iref
Figure 4: Tracking error
The dynamic part of the tracking error comes from
















Figure 5: Digital control loop principle
To limit the timing error the measurement and the
command must be synchronised. With a dI/dt equal to 10
A/s, 1ms timing is necessary to limit the contribution of
the timing to the dynamic tracking error to less than
1ppm.
The digital current loop of the power converters is
designed with no lagging error; i.e. independence of the
load time constant (Figure 5). Some results are presented
in these proceedings [6].
The lagging error between the current and the field
should be known to be corrected by timing shift at the
start of the ramp. These errors depend mainly of the
vacuum chamber and the beam screen.
4.2 Tracking between the 8 main dipole
converters
Due to the electrical segmentation of the machine in 8
independent arcs, a good tracking of the main dipole
converters is vital for the LHC beam quality.
With an accuracy of 20 ppm for the main dipole
converters [6], the energy error in the LHC machine is
given by:
∆B/Bnom = ∆I/Inom = 20ppm
where Bnom = 9 T and Inom = 13 kA
Then:
∆B = 9 * 20 10-6 = 1.8 10-4 T
∆B/Bo = 3.3 10-4
This error in the machine leads to an orbit excursion:
δX = Dx . ∆B/Bo ≈ 0.7 mm
with Dx ≈ 2m
This excursion could be corrected with a pilot run.
Then after a machine cycle, reproducibility performance
defines the orbit excursion. With a reproducibility of 5
ppm, an orbit excursion better than 0.2 mm can be
achieved. This 20 ppm accuracy and 5 ppm
reproducibility are very challenging performance. To get
this performance, high precision DCCTs and ADCs and
in-situ calibration systems are required.
4.3 Tracking between the dipole and
quadrupole converter
With an accuracy of 20 ppm for the main dipole and
quadrupole converters, the energy error in the machine
is:
∆B/Bnom = ∆I/Inom = 20ppm
where Bnom = 9 T and Inom = 13 kA
Then:
∆B = 9 * 20 10-6 = 1.8 10-4 T
∆B/Bo = 3.3 10-4
This energy error in the machine leads to a tune
change given by:
δQ = ζnat . ∆p/po = ζnat . ∆B/Bo
With a natural chromaticity ζnat equal to 100:
δQ 
 
≈ 100 * 3.3 10-4 = 0.033
The tuning quadrupoles can correct up to δQ = 0.3,
then this tracking error between main dipole and main
quadrupole converters is acceptable.
4.4 Tracking between the main quadrupole
converters
The tracking error between main quadrupole
converters creates only a small β beating [8].
4.5 Tracking test
Experiments at String 2 will allow the measurement of
the tracking errors and validate the method used. For
this, fixed coils have been installed in one aperture of a
prototype dipole and each aperture of the quadrupoles.
These fixed coils should allow measuring the transfer
function between the magnet field and the current. A
measurement campaign on String 2 will complement the
results of the test benches.
The time constant ratio between main dipole and main
quadrupole circuits are:
- for LHC arc: 22’000 s/ 300 s ≅ 73
- for String 2: 1’276 s/ 40 s ≅ 32
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These two ratios are in a factor 2, then the
performance which will be obtained in String 2, would be
relevant for the machine.
During the Sector Test, only the tracking at the level
of the currents will be possible (IB, IQf, IQd); no field
measurement will be possible.
Only the final commissioning with circulating beam in
the LHC will allow measuring and validating the
tracking between the main dipole circuits.
 5  CONCLUSION
String 2 will be an important milestone for the
validation of the overall powering. Unfortunately, the
calls for tender of the main power converters must be
issued before the String 2 commissioning (powering of
String 2 is foreseen not before May 2001).
The Sector Test will be the first opportunity to test the
LHC circuits in nominal operating conditions (high
energy stored) and adequate time should be allowed to
validate all the components of the circuits and their
integration.
One of the conclusion of the LHC Powering workshop
in November 2000 [5] was that it will be of great value to
test and commission all circuits of the sector with or
without beam.  This should be the intention from the
outset.  Exact details and scheduling need to be studied
by ad hoc committee.
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